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Introduction
Geophysical studies of complex three-dimensional (3-D) geologic problems require solutions that employ 3-D geophysical modeling. Assumptions involved in one-dimensional (1-D) and twodimensional (2-D) solutions for 3-D structure or 3-D local distortion produce model artifacts (that is, overestimations or underestimations) of target depths that result in false geologic interpretations of the 1-D or 2-D geophysical model. Researchers attempting to alleviate the ambiguity in 1-D and 2-D interpretations of magnetotelluric data have developed a number of 3-D algorithms (Smith and Booker, 1991; Mackie and Madden, 1993; Newman and Alumbaugh, 2000; Zhdanov and others, 2000; Sasaki, 2001 Sasaki, , 2004 Zhdanov, 2002; others, 2004, 2005; Sasaki and Meju, 2006; Gribenko and Zhdanov, 2007; Mackie and others, 2007; Han and others, 2008; Avdeev and Avdeeva, 2009; Siripunvaraporn and Egbert, 2009; Gribenko and others, 2010; Siripunvaraporn and Sarakorn, 2011; Egbert and Kelbert, 2012; Kelbert and others, 2014) . These efforts have also encouraged the acquisition of an increasing number of 3-D arrays of magnetotelluric data because collection of array data, as opposed to profile data, is well suited to 3-D inversion modeling.
Solving for 3-D distortion needs to be done when modeling magnetotelluric data. Distortion of regional electromagnetic fields, especially electric fields, by local features or structures that generate local electric and magnetic fields distorts magnetotelluric data (biased upward or downward), which can result in erroneous resistivity models. Distortion of magnetotelluric data lacks a formal definition, however, it fundamentally "… means that the observed electromagnetic fields include effects due to features that are outside the scope of the experiment or the interpretation, either too small or too large or of higher dimensionality that distort the regional electromagnetic fields that one wishes to observe …" (Jones, 2012, p. 219) . The distortion of regional magnetic fields falls off rapidly with increasing time, whereas distortion of regional electric fields in 1-D or 2-D cases, otherwise known as static shift (Weidelt and Chave, 2012) , is frequency independent and persists to the longest periods (Jiracek, 1990; Jones, 2012) . Distortion removal techniques exist (see Jones [2012] for extensive evaluation), but they are problematic in 3-D as the effects of distortion are not frequency independent (Jones, 2011) .
In 2-D inversions, Berdichevsky and others (2003) found that inclusion of the vertical transfer function (the Tipper) helps diminish distortion of the electric field caused by local, near-surface inhomogeneities. These local 3-D distortions strongly affect the impedance tensor that is used in an inverse model, but not all surveys include the vertical magnetic field measurements.
In 3-D inversions, Ledo and others (1998) presented a solution for determining the local 2-D distortion when the regional resistivity structure is 3-D, but the case of local 3-D distortion over 3-D regional structure remains elusive. This report summarizes the results of 3-D resistivity inversion simulations that were conducted with the intent of accounting for local 3-D distortion of the electric field in the presence of 3-D regional structure without any a priori information on the actual 3-D distribution of the known subsurface geology other than the simulated magnetotelluric response.
Electrical Properties of Rock
Electromagnetic geophysical methods detect variations in the electrical properties of rock units-in particular, electrical resistivity in units of ohm-meters (ohm-m) or its inverse, electrical conductivity, in units of siemens per meter. Electrical resistivity can be correlated with geologic units on the surface and at depth by using lithologic and resistivity logs to provide a 3-D picture of subsurface geology. In the upper crust, the resistivities of geologic units largely depend upon their fluid content, pore-volume porosity, interconnected fracture porosity, and the presence of conductive minerals (such as clay, and less frequently, graphitic carbon and metallic minerals). Fluids in the pore spaces and fracture openings, especially saline fluids, can increase electrical conductivity in an otherwise electrically resistive rock matrix by orders of magnitude (Keller and Frischknecht, 1966; Hearst and Nelson, 1985; Keller, 1987; Palacky, 1987; Hallenburg, 1998) . At greater depths, higher temperatures cause increased ion mobility, which increases fluid conductivity, and in turn, reduces the bulk resistivity (Hallenburg, 1998) . Tables of electrical resistivity for a variety of rocks, minerals, and geological environments may be found in Palacky (1987) and Keller (1989) .
Magnetotelluric Method
The magnetotelluric method is a passive, ground-based, electromagnetic geophysical technique that investigates the distribution of electrical resistivity (or its inverse, electrical conductivity) below the surface at depths of tens of meters to tens of kilometers (Vozoff, 1991) by measuring time variations in the Earth's natural electric and magnetic fields. Worldwide lightning activity at frequencies of about 1-10,000 hertz and geomagnetic micropulsations at frequencies of 0.001-1 hertz provide the main source of signals used by the magnetotelluric method. Electromagnetic waves propagate vertically in the Earth when the very large resistivity contrast between the air and the Earth causes a vertical refraction of electromagnetic waves at the Earth's surface (Vozoff, 1972) .
In the magnetotelluric method, the horizontal components of the electric and magnetic fields are recorded in two orthogonal directions; the vertical magnetic field component is also commonly recorded. The resulting time-series signals are converted to complex cross spectra by using fast Fourier transform techniques and least-squares, cross-spectral analysis (Bendat and Piersol, 1971 ) to solve for a tensor transfer function. The cross spectra are then used to derive tensor-apparent resistivities and phases. If one assumes that the Earth consists of a two-input, two-output linear system in which the orthogonal magnetic fields are input and the orthogonal electric fields are output, then a transfer function can be calculated that relates the observed electric fields to the magnetic fields.
The magnetotelluric method is well suited for studying complicated geological environments because the electric and magnetic field transfer functions are sensitive to both vertical and horizontal variations in resistivity. High-resolution, shallow-subsurface characterization is possible for closely spaced magnetotelluric stations, but the resolution of the subsurface decreases for deeper measurements and for widely spaced stations. The method is thus capable of establishing whether the measured electric and magnetic field data are responding to subsurface rock bodies of effectively one, two, or three dimensions. An introduction to the magnetotelluric method and references for a more advanced understanding are contained in Dobrin and Savit (1988) and Vozoff (1991) .
For a 2-D Earth with subsurface resistivity that is assumed to vary with depth and in one horizontal direction, the magnetotelluric fields can be decoupled into transverse electric and transverse magnetic modes. Two-dimensional resistivity modeling is generally computed to fit both modes. Before it is converted to apparent resistivity and phase, the tensor is normally rotated parallel to geologic strike. When the geology satisfies the 2-D assumption, the magnetotelluric data for the transverse electric mode are assumed to represent the electric field oriented along geologic strike and the data for the transverse magnetic mode are assumed to represent the electric field oriented across the strike.
In the 3-D case, the solution requires solving for the full impedance tensor for each frequency because the resistivity varies in the X, Y, and Z directions. In addition, decoupling into two modes, as in the 2-D case, is not possible because the diagonal elements are nonzero at any given rotation angle (Miensopust, 2010) .
3-D Resistivity Model Build
A complex 3-D geologic model (based on well data and geologic cross sections at Pahute Mesa, Nevada) that includes local 3-D distortion over 3-D regional structure was used as input to a 3-D resistivity forward model. The 3-D geologic model is composed of volcanic composite units containing a complex mix of lava flow aquifers and tuff confining units. Construction details of the 3-D geologic model are described in Fenelon and others (2010) . Bulk-average resistivities, based on induction resistivity logs, range from about 200 ohm-m to about 700 ohm-m for the resistive lava-flow aquifers, and range from about 60 ohm-m to about 100 ohm-m for the tuff confining units. Details of converting the 3-D geologic model into a 3-D resistivity model are described in Rodriguez and Sweetkind (2015) . The 3-D forward modeling algorithm of Mackie and others (1994) , as implemented in GeoSystem's WinGLink (version 2.20.02) software (http://www.slb.com/services/seismic/geophysical_processing_characterization/seismic_reservoir_chara cterization/electromagnetics/emsoftware/winglink.aspx), was used to build the 3-D resistivity model. The 3-D resistivity model fine-mesh grid used a 250-meter (m) by 250-m by 50-m (XYZ) cell size from 0-m to 2,400-m depth with a station spacing of 500 m ( fig. 1 ). From 2,400-m depth to 100-kilometer (km) depth, the horizontal fine-mesh grid remained at 250 m by 250 m but the vertical cell size increased nominally by a factor of 2 for each deeper layer until the deepest layer thickness of 50 km. The horizontal cell size outside of the fine-mesh grid also increased nominally by a factor of 2 to the largest horizontal cell size of 100 km. The full 3-D resistivity model covered a 380-km by 380-km by 100-km volume occupying more than 70,000 cells. The calculated magnetotelluric response of the 3-D resistivity forward ("known") model was then used as simulated-observed magnetotelluric data for input into a homogeneous 400 ohm-m 3-D resistivity model that used an iterative 3-D algorithm to invert the simulated data. A synthetic, relative Gaussian noise-level error of 2.5 percent of the impedance magnitude was applied to the synthetic data. 
3-D Resistivity Inversion Approaches
Several inversion approaches were tested to determine if a semiautomatic approach could correctly account for local 3-D distortion of the electric field in 3-D regional magnetotelluric data. The different approaches tested were
• Comparing lower to higher initial model resistivity volume to evaluate the importance of the initial model resistivity in accounting for near-surface local 3-D structures.
• Using both coarse-grid and fine-grid meshes to evaluate inversion cell size sensitivity to local 3-D structures.
• Comparing inverting all of the frequencies simultaneously with a two-step approach to evaluate whether the two-step approach improved the likelihood of accounting for local 3-D distortion in the near-surface layer. The two-step approach involves initially inverting only the highfrequency data and then using the resulting inversion as the initial model into a second, a priori model and inverting all of the frequencies.
• Adjusting the smoothing parameters of the inversion to produce a less smooth model to increase the likelihood of producing a model with greater horizontal resistivity variations in the nearsurface layer to help account for the local 3-D structures.
The 3-D inversion modeling program, WSINV3DMT (version 1.0.0) (http://mucc.mahidol.ac.th/~scwsp/wsinv3dmt/), of Siripunvaraporn and others (2005) , employing all of the default program parameters, was used to invert the homogeneous 400 ohm-m 3-D resistivity model. This model required 6 gigabytes (GB) of computer memory and about 3 weeks of computation time for 5 iterations of all 8 real and imaginary diagonal and off-diagonal tensor elements for 11 evenly spaced frequencies (1,000-0.01 hertz) on a 3.5 gigahertz (GHz) Intel Xeon W3690 processor, 64-bit workstation computer with 24 GB of installed memory operating under 64-bit Linux. Frequencies were selected to span the entire magnetotelluric response ( fig. 2 ) of the "known" model, but were also capped to a maximum number of frequencies that were inverted to reduce the long inversion times. To evaluate the importance of the initial model resistivity volume in accounting for near-surface local 3-D structures, an inversion using the same mesh as the 400 ohm-m 3-D resistivity inversion was executed, but 100 ohm-m was used as the initial model resistivity to approximate the apparent highfrequency resistivity of a number of stations ( fig. 2) .
To test the fine-mesh cell-size sensitivity of the inversion program in accounting specifically for local 3-D distortion of the electric field, an additional 3-D resistivity model was constructed by scaling the fine mesh of the model and using the same relative resistivity distribution. A smaller XY cell size (50 m by 50 m) was used and a smaller station spacing of 100 m in the fine-mesh grid was employed ( fig. 3 ). The vertical cell thickness was the same as the coarse-grid model discussed previously. The horizontal cell size, outside of the fine-mesh grid, also increased nominally by a factor of 2 until the largest horizontal cell size of 100 km. The full 3-D resistivity model covered a 380-km by 380-km by 100-km volume occupying more than 88,000 cells. The calculated magnetotelluric response of this 3-D resistivity forward model ( fig. 4) was then used as simulated observed magnetotelluric data for input into a homogeneous 100 ohm-m 3-D resistivity model that used an iterative 3-D algorithm to invert the simulated data. A synthetic, relative Gaussian noise-level error of 2.5 percent of the impedance magnitude was also applied to these synthetic data. This model required 12 GB of computer memory and about 4 months of computation time for 5 iterations of all 8 real and imaginary diagonal and offdiagonal tensor elements for 18 evenly spaced frequencies (6,000-0.01 hertz). The additional higher frequencies (greater than 1,000 hertz) were included to help resolve the smaller-scale variations in horizontal resistivity that were made possible with the smaller XY model cell size. To test the sensitivity of the inversion program to account for local 3-D distortion of the electric field when employing only the highest frequencies, another resistivity model using the 100 ohm-m smaller XY cell size was inverted using only frequencies higher than 100 hertz. This model required 11 GB of computer memory and about 5 weeks of computation time for 15 iterations of all 8 real and imaginary diagonal and off-diagonal tensor elements for 17 evenly spaced frequencies (8,000-0.01 hertz). The 15th inversion model was then used as an initial model for the full-frequency range inversion to test the approach of employing an a priori model derived from the highest frequencies as input for a full-frequency range inversion in accounting for local 3-D distortion. This model required 12 GB of computer memory and about 4 months of computation time for 5 iterations of all 8 real and imaginary diagonal and off-diagonal tensor elements for 18 evenly spaced frequencies (6,000-0.01 hertz).
To test the sensitivity of the different smoothness parameters of the inversion program in accounting for local 3-D distortion of the electric field, another resistivity model using the 100 ohm-m smaller XY cell size was inverted using a less smooth model covariance time step of 1 (default is 5) but employing the default model length scales (0.1, 0.1, 0.1). The Lagrange multiplier was also reduced to a starting value and step size of 0.2 and 0.1, respectively (default is 1.0 and 0.5, respectively). This model required 12 GB of computer memory and about 4 months of computation time for 5 iterations of all 8 real and imaginary diagonal and off-diagonal tensor elements for 18 evenly spaced frequencies (6,000-0.01 hertz).
3-D Resistivity Inversion Results
In the "known" coarse-mesh model ( fig. 1) , magnetotelluric stations C4, D12, E12, and F12 ( fig. 2 ) have the largest local 3-D distortion in the XY and YX components (0.184-, 0.167-, 0.165-, and 0.064-decade, respectively) (table 1). Other stations (A4, B4, D4, E4, and I12) were also in close proximity to surface-layer, 3-D boundaries, but were near 3-D axes of symmetry and thus had much smaller distortion. [100-c, coarse mesh 100 ohm-meters (ohm-m) inversion; 100-f, fine mesh 100 ohm-m inversion; 400, 400 ohm-m inversion; A priori, high-frequency a priori inversion; Dec, decade=log XY apparent resistivity-log YX apparent resistivity; Delta=modulus of observed (Obs) decade-model decade; High, high-frequency inversion; Less, less smooth inversion parameters; Obs-c, coarse mesh observed data; Obs-f, fine mesh observed data]
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Obs-c Dec 400 Dec 400 Delta The default settings of WSINV3DMT (Siripunvaraporn and others, 2005) were used for the initial inversion parameters of the initial homogeneous 400 ohm-m volume model ("400" in table 1), which resulted in a decrease in the total root mean square (RMS) error from 7.2180 to a total RMS error of 0.5681 after five iterations. Figure 5 illustrates the 3-D resistivity inversion result for the shallow layers. The simulated observed magnetotelluric data and the computed magnetotelluric response of the fifth inversion iteration are shown in figure 6 . The local 3-D structure in the surface layer ( fig. 5A ) of this model (0-50 m) is the major contributor to the static shift response. The 3-D structure below the surface layer (figs. 5B-5F) has a much smaller contribution to the static shift magnitude. Although the inversion achieved a good approximation to the static shift at stations C4, D12, E12, and F12 (0.064-, 0.011-, 0.026-, 0.014-delta, respectively) (table 1), the overall resistivity is overestimated in the surface layer (compare fig. 1A with fig. 5A ). The inversion of the resistivity model using the same mesh grid and station spacing as the homogeneous 400 ohm-m volume model, but employing an initial homogeneous 100 ohm-m volume model ("100-c" in table 1), resulted in a decrease in the RMS error from 2.4573 to an RMS error of 0.3777 after four iterations. Figure 7 illustrates the 3-D resistivity inversion result. The simulated observed magnetotelluric data and the computed magnetotelluric response of the fourth inversion iteration are shown in figure 8. Although there was an improved misfit to the static shift magnitude of station F12 (0.006-delta) (table 1), the static shift magnitude misfits (table 1) for stations C4 and D12 were worse (0.078-and 0.019-delta, respectively) (table 1) when compared with the homogeneous 400 ohm-m volume misfit. The static shift magnitude for station E12 was nearly equivalent (0.024-delta) (table 1). The surface layer resistivity was generally underestimated for the more resistive structures (compare fig. 1A with fig. 7A ). In the "known" fine-mesh model ( fig. 3) , magnetotelluric stations C4, D12, E12, and F12 ( fig. 4) have the largest local 3-D distortion in the XY and YX components (0.257-, 0.276-, 0.293-, and 0.094-decade, respectively) (table 1). The inversion of the resistivity model ("100-f" in table 1) with the smaller cell size (50 m by 50 m) and the smaller station spacing (100 m), resulted in a decrease in the RMS error from 1.3359 for the initial homogenous 100 ohm-m volume to an RMS error of 0.2558 after four iterations. Figure 9 illustrates the 3-D resistivity inversion result. The simulated observed magnetotelluric data and the computed magnetotelluric response of the fourth inversion iteration are shown in figure 10 . Although there was an improved misfit to the static shift of station D12 (0.007-delta) (table 1) ( fig. 10B ) compared to the static shift of the homogeneous 100 ohm-m volume model, the static shift magnitude misfit (table 1) for stations E12 and F12 was worse (0.049-and 0.010-delta, respectively) (table 1). The static shift magnitude for station C4 was nearly equivalent (0.079-delta) (table 1), but the near-surface second layer resistivity was underestimated ( fig. 9A) . Much of the resistivity is underestimated for the second layer (compare fig. 3B to fig. 9B ). The underestimated resistivities may be caused by a combination of using an initial model volume resistivity that was too low and over-smoothing by the default inversion parameters. This combination hindered the inversion's recovery of the shallow layer resistivities. The 400 ohm-m initial model inversion was not affected as severely from underestimated resistivities in the shallow layers (compare fig. 1B with fig. 5B ). Instead, the initial model volume resistivity may have been too high resulting in an overestimate of the shallow resistivities. The inversion of the smaller-cell size resistivity model using only frequencies above 100 hertz ("High" in table 1) resulted in a decrease in the RMS error from 1.2158 for the initial homogenous 100 ohm-m volume to an RMS error of 0.5932 after 15 iterations. Figure 11 illustrates the 3-D resistivity inversion result. The simulated observed magnetotelluric data and the computed magnetotelluric response of the 15th inversion iteration are shown in figure 12. Although the static shift sense (XY>YX or XY<YX) of each station was correct ( fig. 12) , the static shift misfit was not only worse for stations C4, D12, E12, and F12 (0.230-, 0.203-, 0.133-, and 0.077-delta, respectively) (table 1) but the near-surface layer resistivity was also underestimated (compare fig. 3A with fig. 11A ). Much of the resistivity is underestimated for the shallow layers (compare fig. 3 to fig. 11 ). The underestimated resistivities of the shallow layers is probably due to several reasons in combination: using an initial model volume resistivity that was too low, over-smoothing by the default inversion parameters, and a smaller skin depth from inverting only the higher frequencies. The inversion of the smaller-cell size resistivity model using the high-frequency inversion as the initial model ("A priori" in table 1) resulted in a decrease in the RMS error from 0.8796 for the initial high-frequency inversion model to an RMS error of 0.2704 after five iterations. Figure 13 illustrates the 3-D resistivity inversion result. The simulated observed magnetotelluric data and the computed magnetotelluric response of the fifth inversion iteration are shown in figure 14 . The static shift magnitudes were overestimated for all four of the 3-D distorted stations (0.046-, 0.031-, 0.097-, and 0.008-delta, respectively) (table 1 and fig. 14) . The resistivity is underestimated for the near-surface layer, but there is a mix of under and overestimations for the other shallow layers ( fig. 13 ). The inversion of the smaller-cell size resistivity model using the less-smooth model covariance time step and the smaller Lagrange multiplier ("Less" in table 1) resulted in a decrease in the RMS error from 1.3359 for the initial homogenous 100 ohm-m volume to 0.3360 after four iterations (the fifth iteration resulted in an increased RMS error). Figure 15 illustrates the 3-D resistivity inversion result. The simulated observed magnetotelluric data and the computed magnetotelluric response of the fourth inversion iteration are shown in figure 16 . The static shift magnitudes were overestimated for all of the 3-D distorted stations (0.042-, 0.060-, 0.140-, and 0.055-delta, respectively) (table 1 and fig. 16 ). Much of the resistivity is underestimated for the shallow layers ( fig. 15) . The inversion approach that produced the lowest misfit to the various local 3-D distortions was the initial inversion with the larger cell size and station spacing (table 1). The smaller cell size and station spacing inversion produced the next best misfits. Worse static shift magnitude misfits were produced by the inversion approach that used a semiautomatic approach of first accounting for the static shift using the highest frequencies and then using the resulting inversion as the initial model for a fullfrequency inversion. The worst approach to account for local 3-D distortion was the inversion that employed a less smooth model covariance time step and the smaller Lagrange multiplier; this approach also produced the largest overestimation of the static shift magnitude (table 1) and the highest amount of model artifacts in the near-surface layer ( fig. 15A ).
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Conclusions
Three-dimensional (3-D) distortion needs to be accounted for when modeling magnetotelluric data. In two-dimensional inversions, the inclusion of the vertical transfer function (the Tipper) helps diminish the effects of local 3-D distortion that strongly affects the impedance tensor, but not all surveys include the vertical magnetic field measurements. In 3-D inversions, a solution for determining the local two-dimensional distortion when the regional resistivity structure is 3-D has been previously studied, but the case of local 3-D distortion over 3-D regional structure has remained elusive. This report summarized the results of 3-D resistivity inversion simulations that were performed to account for local 3-D distortion in the presence of 3-D regional structure without any a priori information on the actual 3-D distribution of the known subsurface geology.
The inversion approach that produced the lowest misfit to the various local 3-D distortions was an inversion with a more resistive initial volume. Smaller cell sizes and station spacings did not improve the static shift misfits. Worse static shift misfits were produced by the inversion approach that used a semiautomatic approach of first accounting for the static shift using the highest frequencies and then using the resulting inversion as the initial model for a full-frequency inversion. Employing a lesssmooth model covariance-time step and the smaller Lagrange multiplier produced an overestimation of the static shift magnitude and the highest amount of model artifacts in the near-surface layer.
Additional testing would help determine whether 3-D inversion using the modeling program WSINV3DMT can account for the 3-D regional distortion in the presence of local 3-D distortion. Further 3-D inversions could be tested by building a synthetic model using the best misfit, first-layer inverted resistivities (either free or frozen) merged with a homogeneous volume for the deeper layers.
